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Introduction
The interstitial Types I and 111 collagen co-distribute in most connective tissues and can even be present in the same cross-striated fibrils (Fleischmajer et al., 1990; Henkel and Glanville, 1982) . Whereas dentin matrix is mainly composed of Type I collagen and also contains a minor amount of Type V collgen (Bronckers et al., 1986) , the presence of Type 111 collagen in (pre)dentin is controversial. A number of investigators have not found Type 111 collagen in (pre)dentin (Andujar et al., 1988 (Andujar et al., ,1991 Takita et al., 1987; Lesot et al., 1981; Courml et al., 1979) , but opposite results have also been reported (Nagata et al., 1992; Becket et al., 1986; Volpin and Veis, 1973) . In a previous study (Lukinmaa et al., 1993) we have shown by in situ hybridization that pro-al(III) collagen mRNA is transiently expressed by human and mouse odontoblasts, but the expression of the protein product in predentin, as revealed by immunohistochemistry, does not completely coincide.
Supported by the Finnish Dental Society and the Finnish Cultural Foundation.
Correspondence tO: Janna Waltimo, Dept. of Pedod. and Orthod., Inst. of Dentistry, PO Box 41. FIN-00014 University of Helsinki, Finland. proved to be fmt cousins. Unlike antibodies to the N-terminal pro-peptide of Type I pro-collagen, antibodies to the C-terminal telopeptide of Type I collagen, used for comparison stained the affected dentin homogeneously. Reactivity of Type VI collagen, not detected in normal teeth, was seen in the dentin of all abnormal teeth, in association with non-fibrillar delicate material. This study also shows that although readily detectable in dentin affected by DI, Type 111 collagen is a minor constituent of normal human dentin matrix. ( J Histochem Cytochem 42:1593 -1601 , 1994 KEY WORDS: Human teeth; Dentin; Dentinogenesis imperfecta; Osteogenesis imperfecta; Types I, 111, and VI collagen; Immunoelectron microscopy. Recently, immunoelectron microscopy has been used to determine the possible presence of Type 111 collagen in normal bone and dentin. Keene et al. (1991) demonstrated that cortical regions of adult human bone contain Type I11 collagen in specifically retained, discrete fiber bundles. Nagata et al. (1992) observed positive staining for Type 111 collagen in mouse peritubular dentin in clearly cross-banded fibrils.
Although controversial in normal human (pre)dentin, the presence of Type 111 collagen in reparative dentin (Magloire et al., 1988; Karjalainen et al., 1986) and in dentin of patients affected by dentinogenesis imperfecta (DI) inherited as a single trait (Sauk et al., 1980) and in association with osteogenesis imperfecta (01) (Lukinmaa, 1988; Sauk et al., 1980) is well established. Likewise, the expression of the non-fibril-forming Type VI collagen (Hessle and Engvall, 1984; von der Mark et al., 1984) in human (pre)dentin is controversial (Lukinmaa and Waltimo, 1992; Becker et al., 1986) .
Thus far, the presence of Types 111 and VI collagen in human dentin has not been analyzed ultrastructurally. To clarify the collagen composition of normal dentin and dentin affected by DI, we analyzed the reactivities of Type 111 and Type VI collagen in normal teeth and in teeth from patients with DI occurring as a single trait and in association with 01. For this purpose, immuno transmisstained on the grid with uranyl acetate and lead citrate. The sections were sion electron microscopy (immuno-TEM) was used.
Materials and Methods
Teeth. A fully developed normal human permanent third molar was extracted for therapeutic reasons, and normal primary teeth were physiologically exfoliated. Primary teeth from two patients with 01 Type IB and Type IVB, respectively (Sillence, 1988) , in which teeth are affected by DI (Type I DI in the classification of Shields et al., 1973) , and from three patients with DI occurring as a single trait (Type I1 DI) were also normally shed.
The teeth were fixed with 70% or 94% ethanol or with 10% neutral buffered formalin for 5 days and demineralized with aqueous ethylenediaminetetraacetic acid (EDTA; 0.38 mol/liter) for 1-3 months. The apical third of the roots of the permanent tooth was dissected away to enhance the penetration of the fixative. Some teeth were embedded in paraffin and others were directly prepared for preor post-embedding modifications of immuno-TEM (see below). All samples were taken from the middle third of the coronal dentin (the histological appearance of the areas analyzed is shown in Figure 2 ).
Antibodies. Rabbit antisera to Type 111 collagen purified from calf skin (crossreactive with tissues from other species) (Peltonen et al., 1982) were donated by Dr. Jxena Peltonen (National Public Health Institute; Helsinki, Finland). Specific immunoaffinity-purified rabbit antibodies to the N-terminal propeptide of Type 111 procollagen, purified from ascites fluid from cancer patients (Niemela et al. 1985) , were used to detect the corresponding pro-collagen fragment in human dentin. For detection of Type VI collagen in dentin, rabbit antisera to Type VI collagen, purified from human placenta (Odermatt et al., 1983) , were used. Antibodies to the pyridinoline cross-linked C-terminal telopeptide of human Type I collagen, isolated from human femoral bone (Risteli et al., 1993) , and to the N-terminal propeptide of human Type I pro-collagen, isolated from pro-collagen synthesized by MG-63 osteosarcoma cells (Melkko et al., manuscript in preparation), were raised in rabbits. The antibodies were immunoaffinity-purified and their specificities were established by radioimmunoassay. To control the specificity ofthe staining results, the primary antibodies were substituted with appropriate dilutions of normal rabbit sera, rabbit Ig fraction (Dakopatts; Glostrup, Denmark), or PBS.
Preparation of Demineralized Dentin for Pre-embedding Immuno-TEM. Sections smaller than 1 mm3 were cut from dentin with a scalpel, rinsed in PBS, pH 7.2, and incubated with normal goat serum [NGS; 5% in PBS containing 0.5% bovine serum albumin (BSA)] for 60 min at room temperature (RT), to prevent nonspecific adsorption of the specific antibodies. The sections were then incubated overnight at 4'C with the antibodies to Types I, 111, and VI collagen diluted 1:4 in PBS (sera) or to the concentration of 160 pg/ml PBS (immunoaffinity-purified antibodies) containing 0.1% BSA and 1% NGS and extensively washed with PBS. To detect binding of the specific collagen antibodies, the sections were incubated with goat anti-rabbit AuroProbe EM with 10-nm colloidal gold particles as a conjugate Uanssen Biotech; Janssen Life Sciences Products, O h , Belgium; dilution 1:3 in PBS containing 0.1% BSA) for 7 hr at RT or overnight at 4'C and washed with PBS (three times for 10 min) and phosphate buffer (0.1 mollliter, pH 7.4, three times for 10 min). The sections were fixed with 2.5% glutaraldehyde for 7 hr, 4% tannic acid for 2 hr, and a 1:l mixture of the two for 2 hr, all diluted in phosphate buffer, which was used for the final washing (three times for 5 min) as well. The immunostaining and fixation were carried out by immersing the sections in the solutions on a covered microwell plate (Nunclon Delta; InterMed Nunc, Roskilde, Denmark). The samples were post-fixed with 1% Os04 in phosphate buffer for 90 min. dehydrated in an ascending ethanol series, and embedded in Ix-112. Ultra-thin (60-70-nm) sections were cut with a diamond knife and examined in a Jeol JEM-1200 EX transmission electron microscope operating at 60 kV.
Preparation of Paraffin-embedded Teeth for Pre-embedding Immuno-TEM. The ethanol-fixed demineralized teeth were conventionally embedded in paraffh and cut into sections 10 pm thick. These were deparainized with xylene and a descending ethanol series. extensively washed with PBS, and immunostained as described above.
Post-embedding Method. Small cubic samples of dentin were prepared as in the pre-embedding method for demineralized teeth and fixed with 2.5% glutaraldehyde overnight at 4°C. Some samples were washed three times for 10 min with 0.1 M phosphate buffer (pH 7.4) and further fixed with 4% tannic acid for 3 hr at RT. All samples were then washed and dehydrated in a series of 50, 60, 70, and 90% ethanol, three times for 5 min in each. The samples were treated with a 2:1 mixture of 90% ethanol and LR White (London Resin Company; Basingstoke, Hampshire, UK). which is a hydrophilic embedding medium (Newman, 1989 ) and then with a 1:1 mixture of these two for 1 hr in each. The samples were incubated overnight with LR White in a slowly rotated round-bottomed test tube. The LR White was chaneed and the rotation continued for 4 hr. The samdes were embedded in previously warmed gelatin capsules. Polymerization took place at 60'C for 24 hr. Ultra-thin sections were cut with a diamond knife and immunostained on the grid. The sections were treated with 5% NGS in PBS containing 0.5% BSA for 1 hr and incubated with the specific antibodies (sera), diluted 1:50 to 1:600 in PBS containing 0.1% BSA and 1% NGS, overnight at 4'C. The grids were washed with PBS (three times for 15 min), treated with the gold conjugate (10% Auroprobe EM in PBS containing 0.1% BSA) for 2 hr at RT, and finally washed with PBS (three times for 5 min) and with distilled water (three times for 5 min). For the staining, a sheet of Parafilm was stretched over a microwell plate. Drops of reagents and solutions for washing were placed on the film over the coded microwells. The grids were floated on drops in a humid chamber and transferred with fine forceps. The grids were carefully dried on blotting paper and conventionally contrasted with lead citrate and uranyl acetate.
Results

Immunoelectron Microscopic Findings in Nomnal Teetb
Dentin matrix of the normal permanent tooth stained only in occasional areas with antibodies to Type 111 collagen. Gold particles were mainly detected in groups attached to the walls of the dentinal tubules, and some were also seen in the intratubular material ( Figure la) . Reactivity in the normal primary tooth was less sporadic and was observed on the tubule walls, in the intratubular material, and also in the periphery of the section, which was well exposed to the antibodies ( Figure IC) . The staining patterns with the antibodies to the N-terminal pro-peptide of Type 111 procollagen were similar, but reactivity in both the permanent tooth and the deciduous teeth was sparser than that obtained with the antibodies to Type I11 collagen ( Types IVB and IB. respectively. (a-d) The outermost dentin layer (OD), showing a regular albeit delicate tubular pattern (short arrows). is more or less clearly demarcated from the bulk of inner dentin (ID). where the dentinal tubules are sparse (long arrows). In general, the dentin matrix stains unevenly. The areas shown correspond approximately to sampling for immuno-TEM. except that the outermost dentin and the peripheral part of the inner dentin were not included. Schmorl's picric acid and thionin stain. Original magnilication Y 94.5. Bars = 100 pm.
pattern was most regular in the outermost (peripheral) layer of dentin. This layer was more or less clearly demarcated from the bulk of (inner) dentin. where the dentinal tubules were few and nonuniformly scattered, particularly in Type 11 DI (Figure 2 ). textured areas were readily cxposed. Type 111 collagen reactivity was evident in all affected teeth and was stronger than in the normal teeth. The rcactivitywas more intense in teeth of patients with Type I1 DI (Figure 3c ) than in those of patients with Type I DI (Figures  4a, 4b. and 4e) . Gold particles were mostly seen in groups and were attached to the cross-striated collagen fibers. Fibers with a small
Immunoelectron Microscopic Findings in Teeth Affected by DI
diameter (40-60 nm) were more often positive than those with a large diameter (80-100 nm; calculated from electron micrographs) ( Figure 4c ). When attached to the large-diameter fibers. gold
. -
In the different types of DI, the ultrastructure of dentin varied greatly from one area to another, but dentinal tubules were frequently absent. The dense parts of dentin matrix were accessible to the antibodies only at the edge of the section, whereas loose-spheres w're mostly seen on their thickened parts and "lakal branches" (Figure 3c ). Gold granuleswerc also attached to fibrillar material, where a clear cross-striatcd pattern could not be distinguished and which was seen occasionally (Figure 4a ). ..
i Whereas not seen in normal teeth, staining for Type VI collagen was evident in all affected teeth. The staining pattern differed from that for Type 111 collagen. The gold particles were attached not to the cross-banded collagen fibers but to non-striated material with a low electron density. In the loose-textured areas of abnormal dentin, this reactive material formed a delicate network between the cross-striated collagen fibers. Reactivity of Type VI collagen was also seen intratubularly. More often than in groups, the gold particles were single or like a string of pearls (Figures 3e, 4c, and 4d) .
In the dentin of the patient with Type IVB 01, vesicular structures with diameters of 100-200 nm were seen in non-contiguous areas. These vesicles did not stain for Type 111 collagen (Figure 4b ).
Positive staining, on the other hand, was observed in association with trilaminar ropeor needle-like structures seen in the dentin of two of the three patients with Type I1 DI. Later, it was found that those two patients were first cousins. These atypical fibrillar formations had a diameter of 10-20 nm and a maximal length of 1700 nm was measured. The outer surface of the two parallel electron-dense strings often appeared fluffy and displayed strong reactivity for Type 111 collagen (Figure 3c) .
In dentin of a patient with DI inherited as a single trait (one of the two cousins), staining for the N-terminal pro-peptide of Type I pro-collagen was negligible, but the antibodies to the C-terminal telopeptide region of Type I collagen stained the cross-striated collagen fibers intensely in areas well penetrated by the antibodies (Figure 3a) . The PBS controls were totally negative, and the controls in which normal rabbit Ig-fraction (Figure 3f ) or normal rabbit serum (Figures Ib, Id, and 4f ) had been substituted for the specific antibodies to the different collagen types contained very few unorganized gold granules.
Discussion
We have analyzed by immuno-EM normal teeth and teeth from patients with DI associated with 01 and occurring as a single trait for the presence of Types 111 and VI collagen in dentin. Reactivities of both collagen types, as suggested by the positive immunostaining with specific antibodies, were detected in all affected teeth. Unlike Type VI collagen, Type 111 collagen was a minor constituent of normal dentin as well. Unlike antibodies to the N-terminal propeptide of Type I pro-collagen, antibodies to the C-terminal telopeptide of Type I collagen strongly reacted with the dentin matrix of an affected tooth.
In this study, three methodological modifications of immuno-TEM were applied. The use of cubic samples in the pre-embedding method (immunostaining before embedding and sectioning) turned out to be arduous because only the periphery of the sample was exposed to the specific antibodies. However, in the loose-textured areas of some abnormal teeth, this technique, previously used for the examination of bone by Keene et al. (1991) , was fruitful. The post-embedding technique, expected to help overcome the poor penetration of the antibodies, also appeared to be difficult. For unknown reasons, a precipitate covered the sections in many experiments, interfering with interpretation of the staining results. For the present material, the 10-pm sections of paraffin-embedded teeth proved suitable. The antigenicities of the different collagen types analyzed were preserved and a considerable proportion of the sample was accessible to the antibodies. In addition, this method can be applied to archival paraffin-embedded material, whereas in most electron microscopic methods freshly prepared samples are needed.
Pre-treatment of the tissue sections with hyaluronidase or, when fiied with formalin, with pepsin can unmask antigenic determinants of collagen. Here, pre-treatment of the 10-pm sections with pepsin led to disintegration of the tissue. However, enzymatic pretreatment may have little effect on the staining results for Type 111 collagen in mineralized tissues (Carter et al., 1992) . In general, the ultrastructure of the tissue and the antigenicity of the collagen types analyzed here were not as well preserved in the teeth fixed with formalin as in teeth fixed with ethanol, the concentration of which (70% or 94%) did not appear to have any notable effect.
Recent immunohistochemical studies indicate that particular fibers in human bone contain Type 111 collagen (Carter et al., 1991 (Carter et al., ,1992 Keene et al., 1991) . Nagata et al. (1992) detected Type 111 collagen reactivity in the walls of the dentinal tubules of mouse teeth. Positive fibers frequently extended from the pulp towards the dentin beyond the odontoblast layer, suggesting that these fibers are at least partly produced by the pulpal cells (Nagata et al., 1992) . We have found similar fibers extending to reparative dentin, but we have also shown that Type 111 collagen mRNA is expressed in both mouse and human odontoblasts during early dentinogenesis (Lukinmaa et al., 1993) . The samples analyzed in the present study were cut from the mid-third of the coronal dentin to eliminate the presence of pre-dentin/von Korff's fibers (extending from pulp to predentin) and mantle dentin. The reactivity detected was therefore located in dentin proper.
Staining for Type 111 collagen was stronger in the radicular dentin than in the coronal dentin of mouse molars (Nagata et al., 1992) . We studied normally exfoliated human primary teeth ofwhich the roots were more or less resorbed. Therefore, all samples represented coronal dentin, in which Type I11 collagen, especially in normal teeth, may be more sparse than in the radicular dentin. In addition, the possible differences between the structure of the dentin matrices of different species should not be overlooked.
By varying the proportions of collagen types in different tissues and in different stages of development, cells may regulate the size of the fibrils (Burgeson, 1988) . A mechanism proposed is the different rate of cleavage of the N-terminal pro-peptide extensions. In 1 (histology shown in Figures 2c and 2d,  respectively). (a-c,e,f pre-dentin (as in other tissues), the function of Type 111 collagen, largely retaining the N-terminal pro-peptide (Keene et al., 1987; Fleischmajer et al., 1981) , may be related to the limitation of the fibril size and thereby the prevention of mineralization (Becker et al., 1986) . Here, we found that the fibers staining most intensely for Type 111 collagen in the abnormal dentin were also those with the smallest diameter. Whether the barely detectable reactivity of Type 111 collagen in normal dentin is due to its degradation or to becoming buried in thick fibers remains to be clarified. The interpretation that Type 111 collagen is covered by Type I in normal dentin is in line with the findings that the N-terminal pro-peptideretaining collagen Types V in cornea and XI in cartilage are wrapped around by the major collagen Types I and 11, respectively (Mendler et al., 1989; Birk et al., 1988) . The defective Type I collagen (in DI associated with 01) could interfere with this process, thereby leading to increased reactivity of Type 111 collagen. The actual amount of this collagen type in the affected dentin may or may not be higher than in normal dentin.
Heritable human dentin defects can be divided into three types of DI, of which Type I occurs in association with 01 and Types I1 and 111 as single traits, and two types of dentin dysplasia, which both affect dentin solely (Shields et al., 1973) . In Type I DI, the structural aberrations in dentin can be presumed to result from different mutations in genes coding for the two Type I pro-collagen chains (Byers et al., 1992) . This can indirectly lead to higher relative amounts and/or better detectability of Type 111 collagen. Type I1 DI has been mapped to human chromosome 4 (Crall et al., 1988; Ball et al., 1982) . Thus far, the abnormal gene product has not been determined, but the gene coding for the odontoblast-specific dentin phosphoprotein has been excluded (MacDougall et al., 1992) . In the abnormal dentin, the reactivity of Type 111 collagen is increased (Sauk et al., 1980) . Here, we saw not only clear staining for Type 111 collagen in typical collagen fibers but also in association with specific fibrillar structures. Atypical collagenous formations have been described in rodent dentin (Nagata et al., 1992;  Weinstock, 1977; Warshawsky, 1972) but not in human dentin. The segment long-spacing (SLS)-like structures within the tubules of mouse dentin stained for Type I collagen but only weakly for Type 111 collagen (Nagata et al., 1992) . Conversely, the present atypical fibers were negative for Type I collagen but stained uniformly for Type 111 collagen (in the periphery of the section). The peculiarity of these formations raises the question of their artifactual nature. We did not detect such fibers in all teeth analyzed, and therefore it is unlikely that their presence results from any systematic error in the preparation of the tissue. In addition to the edge of the sample, these structures were occasionally seen intratubularly and in the deeper, undeteriorated areas of dentin.
In agreement with our previous immunohistochemical study (Lukinmaa and Waltimo, 1992) , we did not detect Type VI collagen reactivity in the normal dentin. Instead, this collagen type was found in all abnormal teeth and was most evident in the atubular loose-textured areas of dentin matrix of the patient with Type IVB 01. Reactivity in association with a delicate non-striated network crisscrossing between the cross-banded fibers is consistent with previous information on the distribution of Type VI collagen (Burgeson, 1988).
Here, the antibodies to the C-terminal telopeptide of Type I collagen, recognizing the mature molecules, stained the crossbanded collagen fibers in the abnormal dentin strongly and homogeneously. On the other hand, staining for the N-terminal pro-peptide of Type I pro-collagen, which is largely cleaved away during fibrillogenesis (Fleischmajer et al., 1981) , was negligible. This suggests that the cleavage of the pro-peptide in dentin collagen is virtually complete. The staining results with the two antibodies recognizing different regions of Type I collagen correspond to expectations and therefore serve as a methodological control for the staining results for Types 111 and VI collagen as well.
In summary, this study has shown that although readily detectable in dentin affected by DI, Type III collagen is also a minor constituent of normal human dentin matrix. Type VI collagen reactivity, on the other hand, is detected in the abnormal dentin only. Immunoelecuon microscopic studies of human fully developed teeth are technically demanding but provide us with detailed information on the structure and composition of normal and heritably abnormal human dentin.
